Evidence for differential folding of farnesyl pyrophosphate in the active site of aristolochene synthase: a single-point mutation converts aristolochene synthase into an (E)-beta-farnesene synthase.
Sesquiterpene cyclases, many of which share significant structural similarity, catalyze the cyclization reactions of the universal alicyclic precursor farnesyl pyrophosphate to produce more than 300 different hydrocarbon skeletons with high regio- and stereospecificity. The molecular basis of this exquisite specificity is not well-understood, but the conformation adopted by FPP in the active site of a sesquiterpene cyclase is thought to be an important determinant of the reaction pathway. Aristolochene synthase (AS) from Penicillium roqueforti catalyzes the cyclization of farnesyl pyrophosphate to the bicyclic sesquiterpene aristolochene. The X-ray structure of AS suggested that the steric bulk of residue 92 was central in binding of FPP to the active site of AS in a quasi-cyclic conformation, thereby facilitating attack of C1 by the C10-C11 double bond to produce the cis-fused Decalin S-germacrene A. We demonstrate here that reduction of the size of the side chain of residue 92 leads to the production of the alicyclic sesquiterpenes (E)-beta- and (E,E)-alpha-farnesene. The relative amounts of linear products formed depended linearly on the size of the residues at position 92. ASY92A, in which Tyr92 had been replaced with Ala, produced almost 80% of alicyclic sesquiterpenes, suggesting an energetic separation of less than 0.8 kcal/mol between the cyclic and noncyclic reaction pathways. A mechanism by which FPP binds to the mutant enzymes in an extended conformation is proposed to explain the altered selectivity. The mutants also produced small amounts of additional hydrocarbons with a molecular weight of 204, namely, alpha-selinene, beta-selinene, selina-4,11-diene, (E,Z)-alpha-farnesene, and beta-bisabolene. The production of (E)-beta-farnesene and beta-bisabolene suggested that the initial cyclization of FPP to germacrene A in AS proceeded in a stepwise fashion through farnesyl cation.